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Abstract
The larvae of freshwater mussels in the order Unionoida are obligate parasites on fishes. Because adult mussels
are infaunal and largely sessile, it is generally assumed that the majority of gene flow among mussel
populations relies on the dispersal of larvae by their hosts. The objective of this study was to compare the
genetic diversity and the degree of congruence between the population structures of two related freshwater
mussels Leptodea leptodon and Leptodea fragilis and their fish host, Aplodinotus grunniens. Host specificity in
parasites has been shown to result in greater congruence between the population structures of the two
interacting species, and assessing the congruence of genetic structure of the endangered L. leptodon with its
sister species L. fragilis and their sole host is an important step in understanding the impact of host dispersal
on population structure. Analysis of microsatellite data indicated that despite its imperiled status, L. leptodon
displayed greater genetic diversity than the more common L. fragilis. However, the population structures of all
three species were incongruent even in the presence of substantial gene flow. Other factors such as habitat
specificity may play a role in generating the differences in population structure observed. This study indicates
that barriers to gene flow or lack of available host fish are not the cause of decline of the federally endangered
L. leptodon, and suggests that alternative explanations should be considered.
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This study indicates that barriers to gene flow or lack of 
available host fish are not the cause of decline of the feder-
ally endangered L. leptodon, and suggests that alternative 
explanations should be considered.
Keywords Conservation · Population genetics · Host–
parasite interactions · Unionidae
Introduction
The direct or indirect interactions between species are the 
basis of the emerging properties of ecosystems and the 
varied ecological processes that occur within them. Inter-
specific interactions have evolutionary importance because 
interacting species affect not only each other’s ecological 
roles but also their evolutionary trajectories (i.e. the Red 
Queen hypothesis) (Lively et al. 1990; Morran et al. 2011). 
Interactions in which two or more species undergo reciprocal 
evolutionary changes represent cases in which the participat-
ing species are more closely tied and are generally referred 
to as coevolutionary (Thompson 1999). Examples of some 
of these interactions include those between plants and pol-
linators (Grant and Grant 1965; Levin 1985), predators and 
prey (Brodie and Brodie 1990, 1991), and hosts and para-
sites (Dybdahl and Lively 1996; Gigord et al. 2001; Nason 
et al. 2002). Investigations into the population structure of 
parasites and their hosts have revealed a variety of patterns 
that appear to vary with such factors as dispersal ability of 
hosts and parasites (Blouin et al. 1995; McCoy et al. 2003), 
host specificity of the parasite (Johnson et al. 2002; Little 
et al. 2006; Dick and Patterson 2007), and the ecological 
requirements of the species involved (Campbell et al. 1974; 
Brooks et al. 2006). If the host specificity of a parasite is 
Abstract The larvae of freshwater mussels in the order 
Unionoida are obligate parasites on fishes. Because adult 
mussels are infaunal and largely sessile, it is generally 
assumed that the majority of gene flow among mussel popu-
lations relies on the dispersal of larvae by their hosts. The 
objective of this study was to compare the genetic diversity 
and the degree of congruence between the population struc-
tures of two related freshwater mussels Leptodea leptodon 
and Leptodea fragilis and their fish host, Aplodinotus grun‑
niens. Host specificity in parasites has been shown to result 
in greater congruence between the population structures of 
the two interacting species, and assessing the congruence 
of genetic structure of the endangered L. leptodon with its 
sister species L. fragilis and their sole host is an important 
step in understanding the impact of host dispersal on popula-
tion structure. Analysis of microsatellite data indicated that 
despite its imperiled status, L. leptodon displayed greater 
genetic diversity than the more common L. fragilis. How-
ever, the population structures of all three species were 
incongruent even in the presence of substantial gene flow. 
Other factors such as habitat specificity may play a role in 
generating the differences in population structure observed. 
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high, congruence between the population structures of the 
parasite and its host is predicted (Distel et al. 1994).
Freshwater mussels (Bivalvia: Unionoida) and their fish 
hosts represent an intriguing but underutilized system for 
studying the effects of hosts on the population structures 
of their parasites. Unionoid mussels are typically long-
lived and gonochoristic. Male mussels release sperm into 
the water column, which is taken into the mantle cavity by 
female mussels and used to fertilize their eggs. Fertilized 
eggs are brooded by the females in modified portions of the 
gills until the larvae are mature. In the family Unionidae 
the larvae, termed glochidia, are parasitic, and must attach 
to a vertebrate host for a period of several weeks (Lefevre 
and Curtis 1912) in order to metmorphose into juveniles. 
Unionid mussels can be broadly categorized as either host 
generalists, which can parasitize a number of different host 
species, or host specialists which can only parasitize a single 
host species (Haag and Warren 1997). Once attached to the 
appropriate host, the glochidia become encysted within the 
fish tissue (Coker et al. 1921; Telda and; Fernando 1969). 
While embedded in a cyst, the mussel larva undergoes 
metamorphosis and develops the anatomy that allows it to 
become a filter-feeding juvenile mussel (Kat 1984; Roe et al. 
1997). After metamorphosis is completed, the juvenile mus-
sel ruptures the cyst and drops to the sediment to join the 
infaunal community.
Compared to their largely sessile adult phase, the parasitic 
glochidium phase is considered to be responsible for disper-
sal and the maintenance of gene flow between populations 
as well as the establishment of new populations (Watters 
1992), and glochidia dispersal distances therefore depend 
on the mobility of the host fish. Some fish species that are 
known hosts of freshwater mussels have been shown to move 
relative short distances (Schwalb et al. 2011), whereas others 
can travel over 100 km (Funk 1955).
In this study, we compare the genetic structure of two 
freshwater mussel species, the federally endangered, Lep‑
todea leptodon (Rafinesque 1820), its common congener, 
Leptodea fragilis (Rafinesque 1820) and their sole host, the 
freshwater drum Aplodinotus grunniens (Rafinesque 1819). 
Leptodea leptodon was once widely distributed across cen-
tral North America, and was found in 56 rivers across 13 
states within the Mississippi River Basin. At present, it is 
restricted to only 13 streams, and can only be consistently 
found in three Missouri streams including the Meramec, 
Bourbeuse, and Gasconade rivers (Oesch 1995; Szyman-
ski 1998; USFWS 2010). In contrast, its sister species, L. 
fragilis is widely distributed, ranging from Canada south 
to Mexico and from the Appalachian Mountains west to 
South Dakota, and is generally considered to be common 
throughout much of its range (Burch 1975; Clarke 1981). 
The only known host fish for both species, the freshwater 
drum, (Barnhart et al. 1998) displays the widest natural dis-
tribution of any freshwater fish in North America (Lee et al. 
1980). In addition, freshwater drum exhibit the potential to 
move substantial distances, tagged freshwater drum have 
been recaptured up to 104 km from their original point of 
capture (Funk 1955).
Our research goal is to investigate the population struc-
ture of these freshwater mussels and their host. Given that 
freshwater drum is the only reported host fish for L. lep‑
todon and L. fragilis, we hypothesize that the population 
structure of both mussel species should be highly congruent 
with each other and their host. Alternatively, the gene flow 
patterns and congruency of genetic structure of the three 
species may be greatly influenced by other factors such as 
population size, genetic diversity, and habitat specificity. In 
that case, the population structure of all three species may 
lack congruency.
Materials and methods
Sample collection and DNA extraction
We collected samples for DNA extraction from a total of 
123 L. leptodon, 104 L. fragilis, and 126 A. grunniens from 
the same five locations: two locations in the Gasconade 
River (sites A and B), one location in the Bourbeuse River 
(site C), and two locations in the Meramec River (sites D 
and E) (Table 1; Fig. 1). Samples for extraction of mussel 
genomic DNA were collected non-lethally by swabbing the 
foot and mantle, following Henley et al. (2006). Aplodinotus 
grunniens specimens were captured with the assistance of 
the Missouri Department of Conservation using a Smith-
Root VI-A Electrofisher powered by a 5000-W generator 
Table 1  Sampling locations 
and sample size for L. leptodon, 
L. fragilis, and A. grunniens 
populations
Population Drainage State L. leptodon L. fragilis A. grunniens
A Gasconade river MO 26 11 27
B Gasconade river MO 36 17 20
C Bourbeuse river MO 22 28 27
D Meramec river MO 22 23 23
E Meramec river MO 17 25 28
Total 123 104 125
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in a 16-foot jon boat. After the fish were landed, a 2-mm 
diameter fin clip was collected and stored in 95% ETOH. 
Total DNA of mussel species was extracted using the 
Puregene Buccal Cell DNA Kit (Qiagen), and DNA was 
extracted from the fin clips using the Qiagen DNeasy Blood 
and Tissue Kit (Qiagen). The concentration of extracted 
genomic DNA was measured using a Nanodrop ND1000 
spectrophotometer.
Mitochondrial DNA amplification and analysis
We amplified ~ 870 base pairs (bp) of the mitochondrial 
ND1 gene for the two mussel species (117 L. leptodon and 
100 L. fragilis) via polymerase chain reaction (PCR) using 
primers LEUuurF and LoglyR from Serb (2006). We ampli-
fied ~ 1100 bp of the mitochondrial cytochrome b gene from 
125 A. grunniens using the Cytb F and Cytb R primers from 
Song et al. (1998). PCR reactions included initial denatur-
ing at 95 °C for 5 min, followed by 35 cycles of 94 °C for 
30 s, 52 °C for 30 s, 72 °C for 60 s, and a final extension of 
72 °C for 4 min. Each PCR reaction consisted of 25 µl of 
reaction mix, with 12.5 µl of MyTaq (Bioline Inc.), 1 µl of 
10 µM primer, 1 µl of ~ 100 ng of genomic DNA, and 9.5 µl 
of ddH20. PCR products for all three species were purified 
using the ExoSAP-IT (USB Corp.) before being bi-direc-
tionally sequenced at the Iowa State University DNA facility 
with an ABI 3730xl DNA Analyzer (Applied Biosystems). 
DNA sequences were edited using the software Geneious 
Pro v.5.5.6 (Drummond et al. 2010). Sequences were aligned 
using ClustalW as implemented in Geneious using default 
settings and were trimmed to equal length. We translated the 
nucleotide sequences to amino acids to check for alignment 
errors and other point mutations such as insertions/deletions. 
Nucleotide sequences were then grouped into haplotypes 
using DnaSP v.5.10.01 (Librado and Rozas 2009). The num-
ber of haplotypes, nucleotide diversity, and haplotype diver-
sity were estimated for each population. A median-joining 
haplotype network was generated for each species using the 
programs Network v.4.613 and Network Publisher v.2.0.0.1 
(Fluxus Technology, Ltd) based on optimality criteria of 
parsimony to infer the genetic similarity among haplotypes.
Microsatellite genotyping and analysis
Assessing genetic diversity
Ten microsatellite markers (Lele3, Lele7, Lele8, Lele9, 
Lele13, Lele16, Lele24, Lele30, Lele47, Lele48) from 
O’Bryhim et al. (2012) were used to genotype 122 L. lepto‑
don samples. The same 10 microsatellites markers (replacing 
Lele16 with Lele18) were used to genotype 102 L. fragilis 
individuals. We optimized 11 microsatellite loci (Soc508, 
Soc509, Soc510, Soc521, Soc524, Soc536, Soc543, Soc551, 
Soc558, Soc588, Soc626) originally developed for Red drum 
Fig. 1  Sampling map for L. 
leptodon, L. fragilis, and A. 
grunniens in Missouri. Sites A 
and B are from Gasconade river. 
Site C is in Bourbeuse river. 
Sites D and E are in Meramec 
river. Genetic clusters assigned 
based on the LOCPRIOR model 
in the STRUCTURE analysis 
were color coded for different 
species: L. leptodon (green), L. 
fragilis (blue), and A. grunniens 
(yellow). (Color figure online)
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(Karlsson et al. 2008) to genotype the 125 A. grunniens 
samples. PCR reactions for all loci consisted of a total of a 
20 µl volume mix comprising 0.2 mm of dNTPs, 1× Biolase 
buffer, 1.5 of mM  MgCl2, 0.25 U of Biolase Taq polymer-
ase, 0.2 µM of M13 dye-labelled primer and non-tagged 
reverse primer, 0.02 µM of M13-tagged forward primer, and 
15 ng template DNA. A standard annealing temperature of 
55 °C was used for all PCR reactions for microsatellite loci 
with the following exceptions, for which a 60 °C annealing 
temperature was used: Lele3, Lele7, Lele8, Lele18 for L. 
leptodon and Lele7, Lele8, Lele18, Lele48 for L. fragilis. 
Scoring of the alleles was conducted using GeneMarker 
(Softgenetics, State College, PA).
Micro-Checker was used to assess the presence of null 
alleles in each marker (Van Oosterhout et al. 2004). Exact 
tests for Hardy–Weinberg proportions (Guo and Thompson 
1992) and linkage disequilibrium were performed on all 
microsatellite loci using GENEPOP v.3.3 (Raymond and 
Rousset 1995). GenAlEx v.6.502 (Peakall and Smouse 2006, 
2012) was used to calculate the number of alleles, observed 
and expected heterozygosity, and inbreeding coefficient for 
each sampling location within each species. We were also 
interested to know if the mussels and/or host fish popula-
tions experienced recent rapid changes in population size. 
A recent bottleneck may significantly alter genetic structure 
and connectivity among local populations, thus affecting the 
congruency of population structures among the mussels and 
their host fish. A bottleneck test was conducted on all three 
species on each sampling site within each species using the 
BOTTLENECK v.1.2 program (Piry et al. 1999) with 1000 
iterations of a fixed proportion of 70% single-step model and 
30% variance of geometric distribution implemented in the 
two-phase model.
Genetic clustering analysis and detection of migrants
Population structure was estimated for each species using 
STRUCTURE v.2.2 to cluster individuals into populations 
based on the criteria that these groups are in Hardy–Wein-
berg and linkage equilibrium (Pritchard et al. 2000). Two 
STRUCTURE analyses were conducted for each species, 
one with using the sample location as a prior (LOCPRIOR), 
and one without (Hubisz et al. 2009). An admixture model 
was used allowing individuals to have mixed ancestry, with 
100,000 Markov chain Monte Carlo replicates following a 
burn-in of 50,000 runs. The correlated allele frequencies 
model was selected so that the refined population struc-
ture could be detected. The number of populations (K) was 
estimated following methods developed by Evanno et al. 
(2005), using STRUCTURE HARVESTER (Earl and von-
Holdt 2012). A STRUCTURE bar plot was constructed 
using CLUMPAK (Kopelman et al. 2015). Individuals were 
then grouped according to the clustering results obtained 
from STRUCTURE. Genetic differentiation among clus-
ters was estimated using the analysis of molecular variation 
(AMOVA) (Excoffier et al. 1992) to obtain pairwise FST. 
FST is known to underestimate the genetic differentiation of 
highly polymorphic loci (such as microsatellites) because 
it is based on the expected heterozygosity, which does not 
increase linearly when diversity increases (Jost 2008; Meir-
mans and Hedrick 2011). Pairwise linearized FST (Slatkin 
1995) and F’ST values among genetic clusters were estimated 
with 10,000 permutations using GenAlEx v.6.502 (Peakall 
and Smouse 2006, 2012). However, tests of statistical sig-
nificance are only presented for the pairwise linearized FST 
estimates.
Individual assignment tests were estimated using GENE-
CLASS 2 (Piry et al. 2004), where origins of individuals 
were considered to be correct if they were assigned to the 
genetic cluster identified in the STRUCTURE analysis. Indi-
viduals assigned to different clusters were taken as evidence 
of migration. The threshold of the assignment test was set to 
5%, and a Monte Carlo resampling method of 10,000 simula-
tions was applied following Paetkau et al. (2004). The rela-
tionship between the genetic diversity (number of alleles and 
observed heterozygosity) of both mussel species and their 
host fish were tested using linear correlation analysis, testing 
the null hypotheses that there is no relationship between the 
two variables using the t test (Zar 1984).
Congruence of inter‑population divergence among species
The correlation between genetic distance and geographic 
distance among individuals of each species was conducted 
using a Mantel test (Mantel 1967) as implemented in the Iso-
lation By Distance Web Service v.3.23 (Jensen et al. 2005). 
Pairwise genetic differentiation among sample sites was 
estimated using linearized FST (Slatkin 1995) to construct 
a genetic distance matrix. Pairwise geographic distances 
among sites was measured using river miles in Google Earth 
(Google Inc.) to create a geographic distance matrix. Mantel 
tests were conducted with 10,000 iterations to test the rela-
tionship between genetic isolation and geographic distance 
(isolation by distance).
Mantel tests were also performed to examine if the 
genetic diversity (number of alleles and heterozygosity) 
and distance matrices of any pair of species were linearly 
correlated (α = 0.05). Because the genetic structure among 
populations may be influenced depending on the type of 
genetic distances used (Dyer et al. 2010), we conducted the 
Mantel tests using two types of genetic distances: linearized 
FST (Slatkin 1995) and Cavalli-Sforza and Edward’s chord 
distances (Cavalli-Sforza and Edwards 1967). Mantel tests 
of the linearized FST were performed in GenAlEx v.6.502 
(Peakall and Smouse 2006) with 10,000 permutations. For 
the Cavalli-Sforza and Edward’s chord distances, we used 
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the Monte Carlo test implemented in the R package “ade4” 
to conduct the Mantel tests, with 10,000 permutations.
Results
Leptodea leptodon mtDNA and microsatellite analysis
DNA sequencing resulted in 873 bp of sequence for the 
ND1 gene for 117 L. leptodon specimens. The L. leptodon 
mtDNA sequences were grouped into four haplotypes that 
were a single mutational step apart (Fig. 2). Overall nucleo-
tide diversity of the ND1 gene was 0.0006 with moderate 
haplotype diversity  (Hd = 0.473). Two haplotypes were 
widespread and abundant and were observed at all sample 
sites. One haplotype was found only in the Meramec and 
Bourbeuse river populations, and the other haplotype was 
restricted to the upper Gasconade River populations; both of 
these haplotypes were observed at low frequencies (Table 2).
No null alleles were detected at any microsatellite locus 
based on the results from Micro-Checker (Van Oosterhout 
et al. 2004). We compared each pair of loci and found no evi-
dence of linkage disequilibrium (p > 0.05). Deviation from 
Hardy–Weinberg expectations were detected at locus Lele7 
for the population from site A and locus Lele8p for the popu-
lations from sites A, B, C, and E after applying Bonferroni 
correction (p < 0.001). Number of alleles was similar across 
all sampling sites, ranging between 10 and 14 alleles per 
locus (Table 2). The inbreeding coefficient ranged from low 
(< 0.03) to intermediate (< 0.12), indicating a slight deficit 
in heterozygotes. The test for the occurrence of a recent bot-
tleneck was positive in L. leptodon (p = 0.005). Genetic iso-
lation and geographic distances were not linearly correlated 
in L. leptodon (r = 0.05, p = 0.46) (Fig. 3).
The STRUCTURE analysis without using location as a 
prior suggested low levels of divergence and weak popula-
tion structure within L. leptodon (the peak distributions of 
∆K were shown in the Online Resource 1). The results from 
the STRUCTURE analysis using sampling sites as a prior 
(LOCPRIOR model) largely concurred with the STRUC-
TURE results without a prior. Given that the LOCPRIOR 
model is presumably better at detecting population structure 
at lower levels of divergence (Hubisz et al. 2009), in this 
paper we presented only the STRUCTURE results using the 
LOCPRIOR model.
The peak distribution of ∆K (Evanno et al. 2005) in 
L. leptodon STRUCTURE analysis occurred at K = 2. 
This result separated mussels from the Gasconade River 
from those in the Meramec/Bourbeuse rivers (Fig.  4). 
The AMOVA results (Table 3) indicate that individuals 
from Gasconade (sites A and B) were significantly, but 
weakly differentiated from individuals from the Bourbeuse 
and Meramec rivers (sites C, D, and E) with a linearized 
FST = 0.008, p < 0.001 (F’ST = 0.064). The GENECLASS 
Fig. 2  Mitochondrial median-
joining haplotype networks 
constructed based on ND1 gene 
fragment of L. leptodon and 
L. fragilis, and cytochrome b 
gene fragment of A. grunniens 
from five sampling locations 
in Missouri. Each haplotype is 
represented by a node. Node 
size represents the number of 
individuals in our collection 
that shared the same haplotype. 
Black nodes (smallest node) 
are inferred mutational events 
differentiating the haplotypes. 
In the A. grunniens network, the 
number next to the interrupted 
lines indicates the number of 
mutational events greater than 4
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result showed that 95% of the L. leptodon individuals were 
correctly assigned into the genetic clusters identified from 
STRUCTURE analysis (Table 4).
Leptodea fragilis mtDNA and microsatellite analysis
An 864 bp fragment of the ND1 gene was sequenced for 
100 L. fragilis samples and 22 haplotypes were identified 
(Fig. 2). Overall nucleotide diversity was 0.0015 with high 
haplotype diversity  (Hd = 0.759). There were two common 
haplotypes found in all five sampling locations (Fig. 2). 
The remaining haplotypes occurred at low frequencies and 
tended to be restricted to particular sampling sites. Four rare 
haplotypes were unique to the Gasconade river (sites A and 
B); six haplotypes were restricted to Bourbeuse river (site 
C), and another six haplotypes were found only in the Mer-
amec river (sites D and E).
No null alleles or linkage disequilibrium was detected 
in the L. fragilis microsatellite data. The number of 
alleles ranged from 11 to 13 for each sampling location 
Table 2  Summary of mtDNA ND1 gene and microsatellite diversity from five L. leptodon, L. fragilis, and A. grunniens populations
The number of individuals (Nseq), number of haplotypes (H), nucleotide diversity (π) and haplotype diversity (Hd) were listed. The number of 
individuals (Nmsat), number of alleles (A), observed heterozygosity (HO), Nei’s (1978) unbiased expected heterozygosity (HE), and inbreeding 
coefficient (FIS) were presented
Taxonomy Pop ID Drainage State MtDNA ND1 sequencing Microsatellite genotyping
Nseq H π Hd Nmsat A HO HE FIS
Leptodea leptodon A Gasconade river MO 26 3 0.0006 0.446 26 12.800 0.818 0.886 0.059
B Gasconade river MO 35 2 0.00007 0.057 36 13.700 0.824 0.862 0.030
C Bourbeuse river MO 22 3 0.0007 0.567 22 10.500 0.745 0.871 0.122
D Meramec river MO 18 3 0.0008 0.627 22 11.700 0.797 0.858 0.044
E Meramec river MO 16 3 0.0007 0.575 17 10.100 0.859 0.871 0
Leptodea fragilis A Gasconade river MO 9 3 0.001 0.417 11 6.100 0.565 0.667 0.084
B Gasconade river MO 16 6 0.001 0.733 16 10.900 0.673 0.747 0.058
C Bourbeuse river MO 28 11 0.002 0.825 27 13.000 0.705 0.760 0.047
D Meramec river MO 22 8 0.001 0.771 23 11.500 0.694 0.750 0.043
E Meramec river MO 25 7 0.001 0.687 25 12.100 0.684 0.751 0.065
Aplodinotus grunniens A Gasconade river MO 27 6 0.003 0.746 27 11.364 0.805 0.784 0
B Gasconade river MO 20 5 0.003 0.653 20 10.545 0.786 0.796 0
C Bourbeuse river MO 28 6 0.003 0.762 27 11.273 0.778 0.793 0
D Meramec river MO 23 7 0.005 0.826 23 12.545 0.771 0.790 0.003
E Meramec river MO 28 5 0.004 0.664 28 11.818 0.802 0.790 0
Fig. 3  Isolation by distance figures for L. leptodon, L. fragilis, and 
A. grunniens species. Independent variable (x-axis) indicates the pair-
wise differences of the geographic distance (in river miles) between 
all sampling sites. Dependent variables (y-axis) indicates the pairwise 
genetic distances linearized FST (FST/1−FST) among populations
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Fig. 4  STRUCTURE barplots for L. leptodon, L. fragilis, and A. 
grunniens when K = 2. Individuals of each species were clustered into 
two groups (black and white). The y-axis of the barplot is the prob-
ability of assignment and the x-axis is labeled with population ID and 
river drainage
Table 3  Analysis of molecular variance (AMOVA) at microsatellite loci among L. leptodon, L. fragilis, and A. grunniens from Gasconade (sites 
A and B), Bourbeuse (site C), and Meramec (sites D and E) rivers based on the genetic clusters identified from the STRUCTURE analyses
*Indicates value is significant (p < 0.05)
Species Cluster 1 (site) Cluster 2 (site) Linearized FST Source of variation df Sum of squares Estimated 
variance
% of variance
L. leptodon A, B C, D, E 0.008* FCT among clusters 1 9.048 0.035 1
FIT among indiv. 121 572.708 0.358 8
FIC within indiv. 123 494.000 4.016 91
Total 245 1075.756 4.410 100
L. fragilis A B, C, D, E 0.038* FCT among clusters 1 10.203 0.150 4
FIT among indiv. 102 439.004 0.479 12
FIC within indiv. 104 348.000 3.346 84
Total 207 797.207 3.975 100
A. grunniens A, B C, D, E 0.002 FCT among clusters 1 5.597 0.011 0
FIT among indiv. 123 535.107 0.005 0
FIC within indiv. 125 542.500 4.340 100
Total 249 1083.204 4.356 100
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(Table 2). After employing Bonferroni correction, sig-
nificant deviations from Hardy–Weinberg expectations 
were detected at locus 8 for site C; locus 9 for sites A, B 
and C; and locus 13 for all sampling sites (p < 0.001). A 
test for Hardy–Weinberg equilibrium could not be per-
formed on marker F-Lele03p due to low allelic diversity. 
The inbreeding coefficient was relatively similar across all 
sites, ranging from 0.04 to 0.08. Unlike what was observed 
for L. leptodon, no evidence of a recent bottleneck was 
detected in L. fragilis (p = 0.42). Furthermore, the Mantel 
test showed that the genetic distance and geographic dis-
tance were linearly correlated in L. fragilis, with r = 0.67, 
p = 0.046 (Fig. 3).
The STRUCTURE analysis revealed two genetic clus-
ters (K = 2) in L. fragilis, with the upper Gasconade river 
(site A) forming a cluster separated from the remaining 
sample sites (sites B, C, D, and E) (Fig. 3). The results of 
the AMOVA analysis of the genotypic data also indicated 
that individuals from the upper Gasconade river were 
genetically different from individuals from the lower Gas-
conade, Bourbeuse, and Meramec rivers with linearized 
FST = 0.038, p < 0.001 (F’ST = 0.15) (Table 3). GENE-
CLASS analysis indicated that the remaining 93 L. fra‑
gilis individuals from outside the upper Gasconade River 
region were correctly assigned to the Meramec/Bourbeuse 
genetic cluster. At the upper Gasconade region (site A), 
only 64% (4 of 11) individuals were assigned correctly to 
the genetic cluster identified from the STRUCTURE anal-
ysis (Table 4). Based on the results of the assignment test, 
genetic admixture was evident at the Gasconade river site 
A, where the L. fragilis population appeared to consist of 
a mix of individuals from both genetically distinct clusters.
Aplodinotus grunniens mtDNA and microsatellite 
analysis
DNA sequencing resulted in 1086 base pairs of the 
cytochrome b gene for 126 individual A. grunniens and 11 
haplotypes were found. Overall nucleotide diversity of the 
mtDNA gene was 0.004. The 11 haplotypes formed two 
clusters that differed by seven mutational steps (Fig. 2). 
Three haplotypes were common and widely distributed, 
whereas the remaining four haplotypes occurred at low 
frequencies and generally were restricted to a single river 
basin. Two rare haplotypes were unique to the Gasconade 
and Meramec rivers. No rare haplotypes were documented 
in the Bourbeuse River.
Null alleles or linkage disequilibrium was not evident at 
any locus. Number of alleles among A. grunniens popula-
tions was very similar, ranging between 10 and 13 alleles 
(Table 2). The inbreeding coefficients were very low (FIS < 
0.003) in all populations. Deviations from Hardy–Weinberg 
equilibrium were not detected at any locus or in any popu-
lation after applying Bonferroni correction (p < 0.00091). 
There was no evidence of a recent bottleneck in A. grunniens 
(p = 0.52). Genetic isolation and geographic distance among 
A. grunniens were not linearly correlated in the Mantel test 
(r = 0.16, p = 0.32) (Fig. 3).
STRUCTURE analysis of the microsatellite data indi-
cated K = 1, suggesting that A. grunniens from our five sam-
pling locations belonged to a single panmictic population 
maintained by high gene flow and connectivity. As shown 
in Fig. 4, the STRUCTURE barplot of K = 2 (which looked 
strikingly different from the K = 2 barplots of L. leptodon 
and L. fragilis) clearly indicated no genetic differentiation 
among A. grunniens populations. Because L. leptodon and 
L. fragilis both showed some level of genetic differentiation 
between the Gasconade and Meramec/Bourbeuse popula-
tions, we conducted an AMOVA analysis by grouping the A. 
grunniens into these two clusters. Population differentiation 
analysis estimated a linearized FST of 0.002 (F’ST = 0.012), 
which was not significantly different from zero (p = 0.07), 
confirming the result of no population structure in A. grun‑
niens from the Gasconade, Bourbeuse, and Meramec rivers 
(Table 3).
Mantel test analysis on the gene flow patterns
No correlations of genetic diversity (number of alleles and 
heterozygosity) between either mussel species and the host 
fish were found (p > 0.05) (Table 5). We conducted the 
Mantel tests using two types of genetic distances, and there 
was no correlation of the pairwise genetic distance evident 
using linearized FST (FST/1−FST) and Cavalli-Sforza and 
Edward’s chord distances among populations of all three 
Table 4  Results of the assignment tests from GENECLASS 2 for 
both mussel species L. leptodon and L. fragilis. Sampling site in this 
table corresponded to the sites in Fig. 1
Genetic cluster was determined by the STRUCTURE analysis using 
the microsatellite data. N indicates the number of samples included 
in each genetic cluster. Individuals were considered to be correctly 
assigned if individuals collected from the sampling site column were 
assigned to the corresponded genetic cluster
Species Sampling site Genetic cluster N % individual 
correctly 
assigned
L. leptodon A, B Gasconade 62 100
C, D, E Meramec/Bour-
beuse
61 90
Total 123 95
L. fragilis A Gasconade 11 64
B, C, D, E Meramec/Bour-
beuse
93 100
Total 104 96
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species (Table 6). In summary, the population structures of 
the three species are not congruent.
Discussion
In this study, we investigated patterns of genetic structure 
and gene flow patterns in three interacting species: two 
closely-related freshwater mussels (one endangered and one 
common) and their fish host. Our hypothesis that the host-
parasite relationship between both mussels and A. grunniens 
would produce congruence in the population structures of all 
three species, was not supported by the data. The two mus-
sel species exhibit weak population structure between river 
drainages that are not completely congruent, whereas the 
fish host displays no structure across the same area. We also 
observed that whereas L. fragilis and A. grunniens popula-
tions exhibit greater genetic diversity than L. leptodon popu-
lations at the mtDNA locus examined, L. leptodon displayed 
greater genetic diversity at microsatellite loci. The test for a 
bottleneck indicated that L. leptodon suffered a recent bot-
tleneck which was not indicated using the same test in either 
L. fragilis or the host fish, and the reduced genetic diver-
sity at the mtDNA locus in L. leptodon is likely a reflection 
of this since the effective population size of mtDNA is 1/4 
that of the nuclear genome, and would be more sensitive to 
loss of diversity during a bottleneck. Similarly, although L. 
leptodon and L. fragilis have roughly the same number of 
alleles per locus, the expected heterozygosity of L. leptodon 
is higher. Expected heterozygosity responds more slowly to 
changes in population size than the number of alleles, and 
supports a population contraction for L. leptodon. In contrast 
to the pattern observed for L. leptodon, L. fragilis exhibits 
the genetic signature consistent with a population expansion; 
the mtDNA exhibits a star-like pattern and the expected het-
erozygosity is indicative of a historically smaller populaton 
size. (Nei et al. 1975; Maruyama and Fuerst 1984), which 
is in accordance with anecdotal information concerning this 
species.
Role of hosts in maintaining connectivity in populations 
of parasites
Prior investigations comparing the population structure of 
freshwater mussels and their host are few in number. Geist 
and Kuehn (2008) examined congruence between genetic 
diversity and population structure between the European 
pearl mussel (Margaritifera margaritifera) and its host, the 
brown trout (Salmo trutta m. fario). Even though the popu-
lation structures of the two species were similar, European 
pearl mussels exhibited stronger differentiation between 
populations than brown trout (Geist and Keuhn 2008) as 
was also observed in this study. However, Geist and Kuehn 
(2008) found that measures of genetic diversity (number 
of alleles and heterozygosity) for mussel and host were 
inversely related and showed a significant negative correla-
tion. Zanatta and Wilson (2011) conducted a comparison of 
mussel–host population structure and diversity for the feder-
ally endangered snuffbox mussel, Epioblasma triquetra, and 
its host, the common logperch, Percina caprodes. A compar-
ison of pairwise genetic distance among sites indicated that 
the population structures of the mussel and fish host were 
largely congruent, but, no significant correlation of genetic 
diversity was found between the snuffbox and the logperch.
Our results are not entirely concordant with previous 
host–mussel co-evolution studies (Geist and Kuehn 2008; 
Zanatta and Wilson 2011), perhaps due to the different 
reproductive strategies pearl mussel, snuffbox, and L. lep‑
todon employ to infest their host fish. All three species are 
considered host-specialists, utilizing either a single fish or 
relatively few in the case of the pearl mussel, but differ-
ences occur in how glochidia are transmitted to the host. 
Pearl mussels broadcast glochidia into the water column, 
Whereas snuffboxes capture host fish with their shells in 
order to infest them with glochidia (Barnhart et al. 2008). 
The method that mussels in the genus Leptodea use to infest 
host fish is not yet known. Neither species of Leptodea pos-
sess a mantle lure or any visible features to attract fish, and 
it has been proposed that Aplodinotus grunniens feeds on 
unionid bivalves, and perhaps become infested with glo-
chidia after consuming gravid female Leptodea (Haag 2012).
Table 5  Mantel tests results showing the correlations between 
genetic diversity of L. leptodon, L. fragilis, and A. grunniens 
The numbers in the table are p values calculated from Mantel tests 
conducted with number of alleles and observed heterozygosity
Correlation 
between number of 
alleles
Correlation between 
observed heterozy-
gosity
L. leptodon vs. A. grun‑
niens
0.38 0.13
L. fragilis vs. A. grun‑
niens
0.81 0.20
Table 6  Results of Mantel tests showed the correlations between 
population structures of L. leptodon, L. fragilis, and A. grunniens. 
Below diagonal are p values calculated from Mantel tests conducted 
with linearized FST
Above diagonal are p values estimated from Cavalli-Sforza and 
Edward’s chord distances
L. leptodon L. fragilis A. grunniens
L. leptodon – 0.46 0.07
L. fragilis 0.18 – 0.39
A. grunniens 0.11 0.20 –
 Conserv Genet
1 3
Apart from mussel reproductive strategies, host disper-
sal capability is also varies greatly among the fish species 
included in these studies. Other studies comparing the 
genetic diversity and population structure of freshwater mus-
sels have found genetic structuring at the watershed scale 
(e.g. Galbraith et al. 2015) and also noted a lack of congru-
ence in genetic structure across the species examined. Those 
authors raised the possibility that observed species differ-
ences in gene flow between rivers was due to differences in 
host vagility (different mussel species utilizing different fish 
species as hosts), but such and explanation is not valid in this 
case as both mussels share the same host fish.
Inoue et al. (2013) noted that since freshwater mussels 
and their hosts live in linear river systems, mussels with 
vagile hosts can be dispersed across great distances which 
would results in low or no population differentiation. Aplo‑
dinotus grunniens, like brown trout, has higher mobility 
than does the common logperch. Average dispersal distance 
for logperch was only 30 m (Schwalb et al. 2011) while A. 
grunniens may travel up to 104 km (Funk 1955). Population 
isolation and genetic differentiation may be evident in both 
logperch and snuffbox populations, due to the small popula-
tion size of snuffbox and the low mobility of logperch, which 
results in congruency of the population structures between 
mussels and host. In our study, L. leptodon glochidia have 
greater dispersal distance than that of the snuffbox because 
of the high mobility of host fish. However, glochidia gene 
flow of L. leptodon may still be significantly lower than 
the gene flow among A. grunniens populations because L. 
leptodon presumably has more isolated populations with 
smaller effective population size. This may explain why no 
correlation was found between population structures of L. 
leptodon and A. grunniens in contrast to snuffbox and com-
mon logperch.
Some evidence of weak population structure was 
observed in the two freshwater mussel species studied. In 
particular, L. leptodon seemed to display genetic differentia-
tion between populations in different drainages (Gasconade 
vs. Meramec + Bourbeuse). The genetic and geographic 
distances among L. leptodon populations were not linearly 
correlated due to higher gene flow within the Gasconade 
and the Meramec/Bourbouse drainages than among drain-
ages (these drainages are separated by segments of Missouri 
and Mississippi rivers). Interestingly, we didn’t observe a 
similar population isolation pattern in L. fragilis. Unlike L. 
leptodon, population differentiation was observed between 
L. fragilis from upper Gasconade (site A) and the remain-
ing sites (Fig. 4). The test of isolation by distance showed 
that the genetic distance and geographic distance among 
L. fragilis populations were correlated, suggesting that L. 
fragilis exhibits a gene flow pattern distinct from L. lepto‑
don. Leptodon fragilis from Gasconade site A also appear 
to be a mixture of individuals from two genetically distinct 
clusters, indicating an upstream migration of larvae. The 
population isolation between the upper and lower Gasconade 
river maybe because the movement of freshwater drum that 
carry L. fragilis glochidia reach the upper Gasconade river 
less frequently compared to other drainages, or perhaps there 
are less suitable habitats for L. fragilis between the upper 
and lower Gasconade river.
Mantel test results showed that significant correlations 
between population-level genetic matrices were not detected 
among all three species. Coevolution of host and parasites 
often leads to local adaptation and cospeciation (Huyse and 
Volckaert 2005). The ability of parasites to infest a host 
(infectivity) is directly linked to host-parasite interaction 
(Dybdahl and Storfer 2003), which depends on the spatial 
variation of their interactions (Thompson 1994). Often, the 
congruency between host and parasite evolutionary trees 
are due to high interactions/specificity (Johnson et al. 2002; 
Nieberding et al. 2004). Aplodinotus grunniens is the only 
known host fish for L. leptodon and L. fragilis (Barnhart 
et al. 1998). Aplodinotus grunniens are known for their 
high mobility (Funk 1955) and are common throughout the 
study area. Thus, the high level of gene flow observed in 
A. grunniens was not unexpected. Although our samples in 
this study only represent a small subset of the species range 
of A. grunniens, gene flow among the fish populations was 
evidently higher than gene flow among mussel populations. 
Leptodea fragilis is a widespread mussel species with large 
and more continuously distributed populations that live in 
the habitat where host fish is common and abundant. It may 
therefore have more opportunities to interact with A. grun‑
niens, which would result in a population structure more 
congruent with the host fish than the endangered L. leptodon.
Our results also indicated that L. leptodon suffered a 
recent bottleneck that was not evident in either L. fragilis or 
the host fish. It is possible that the cause of the bottleneck 
(e.g. habitat degradation) affected all three species, but since 
L. leptodon is an endangered species with smaller effective 
population size, bottleneck would have larger impact on L. 
leptodon than the two other widespread species. The effect 
of inbreeding and genetic drift on L. leptodon populations 
that may be potentially more isolated (i.e., less opportunity 
to interact with host fish), resulted in a population structure 
and gene flow pattern that are not congruent with L. fragilis 
and freshwater drum.
Conservation implications
Our study sampled all of the known extant populations of 
L. leptodon, and our genetic analyses provided an overview 
of the population structure of this species. Comparing the 
genetic diversity of populations of related rare and com-
mon species of mussels has rarely been performed (Roe and 
Boyer 2015). In Roe and Boyer (2015) study, the rare species 
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displayed substantially lower genetic diversity when com-
pared to its common related species. We found lower mito-
chondrial genetic diversity in L. leptodon than in L. fragilis, 
but the opposite result was obtained for microsatellite loci 
for these two species. Both mussel species are dependent 
on their host fish for dispersal of glochidia and maintenance 
of gene flow. Our results indicated that the rarer L. lepto‑
don has maintained higher nuclear gene diversity but lower 
population connectivity compared to its common sister 
taxon. Assisted gene flow will be beneficial in establishing 
L. leptodon populations where habitats and host fish have 
met the requirements for a sustainable population (Kelly and 
Philips 2016). A genetic rescue (Frankham 2015) to translo-
cate L. leptodon to extirpated drainages may also be helpful 
in restoring L. leptodon populations to its historic range.
Habitat specificity may be a possible reason why L. fra‑
gilis is more abundant than L. leptodon, despite sharing the 
same host fish. Leptodea leptodon prefer gravel and sand 
substrates in large rivers, while L. fragilis are more toler-
ant of siltation of rivers and streams (Cummings and Mayer 
1992). Habitat specificity may be affecting the expansion 
of extant populations of L. leptodon. The bottleneck that 
was evident in L. leptodon but not in L. fragilis or A. grun‑
niens, is perhaps due to the fact that habitat preferred by L. 
leptodon has been negatively impacted by increased silta-
tion and is less common than in the past (Szymanski 1998; 
Haag 2012).
Conclusions
No published examination of the genetic structure of L. lep‑
todon and A. grunniens had been conducted prior to this pro-
ject. Leptodea leptodon and L. fragilis share the same host 
fish and live in the same rivers in parts of Missouri. Yet, L. 
leptodon is critically endangered and L. fragilis is common 
and widely distributed. Understanding the factors threaten-
ing L. leptodon may help in understanding why some unio-
nid mussels are more vulnerable to environmental changes. 
Our study revealed that the population structures and gene 
flow patterns of all three species were not congruent. A 
recent bottleneck was evident in the endangered L. lepto‑
don but not in L. fragilis and the host fish. Future research 
should focus on understanding the factors implicated in the 
contraction of the historic range of L. leptodon. Attempts 
to quantify the differences in habitat preferences between 
these two bivalve species are recommended to aid in mussel 
translocation and restoration. Ecological factors that may 
affect the expansion of mussel population (i.e., mussel–host 
interactions, competition for host fish) are also worth explor-
ing to develop appropriate conservation strategies for the 
endangered L. leptodon.
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